1. Introduction {#s0005}
===============

Sialidosis, (MIM\#256550), also known as mucolipidosis 1\[ML1\] is a rare autosomal recessive disorder characterized by progressive lysosomal storage of sialylated glycopeptides and oligosaccharides as a result of deficiency of the enzyme, neuraminidase \[[@bb0005]\]. Its incidence is reported to be 0.04 in 100,000 ([www.orpha.net](http://www.orpha.net){#ir0005}). Type I is the milder 'normosomatic' type or the cherry red spot-myoclonus syndrome. Sialidosis type II is a severe form with earlier onset, referred to as the 'dysmorphic' type. Type II is further classified into congenital, infantile, and juvenile forms \[[@bb0010]\]. Ophthalmological clues play a vital role in the diagnosis of several lysosomal storage disorders, including sialidosis. Cherry red spot is the most distinctive ocular manifestation of sialidosis, but other signs such as nystagmus and cataract have also been described \[[@bb0015]\]. These reflect the deposition of sialyated glycoproteins in the retina or lens.

The clinical features of sialidosis (coarse facies, hepatosplenomegaly) have an overlap with the many lysosomal storage disorders. These must be excluded in the patients based on clinical, biochemical, and enzymatic studies. In sialidosis, pathogenic variants are described in almost all exons of *NEU1*, but more commonly observed in exons 4 and 5 \[[@bb0020]\], exhibiting the tendency of variant clustering.

We present seven molecularly confirmed cases of sialidosis type 2, from six unrelated families originating from the northern part of India. All patients were identified to have a common homozygous mutation in exon 4 of the *NEU1* gene. We also report a novel ophthalmological sign in one patient.

2. Materials and methods {#s0010}
========================

2.1. Clinical and laboratory investigations {#s0015}
-------------------------------------------

The case records of seven patients from six unrelated families referred to the Lysosomal Storage Disorders Clinic from January 2000 through December 2017 were examined. A detailed phenotype as per the proforma was compiled for all patients. The clinical data and relevant investigations such as liver function tests, renal function tests, magnetic resonance imaging (MRI), radiographs, and photographs of the fundus were collated and correlated with the clinical presentation. Patients with incomplete data were recalled and re-examined.

2.2. Genetic analysis of NEU1 gene {#s0020}
----------------------------------

Written informed consent was obtained from the families to perform the genetic study. Blood samples were obtained from affected probands and their parents. Genomic DNA was extracted from peripheral blood leukocytes by the phenol-chloroform method.Next-generation sequencing was performed on DNA samples using Illumina HiSeq platform for around 8500 clinically relevant genes. The reads obtained were analyzed for *NEU*1 gene. Standard bioinformatics pipeline, including base calling, alignment of reads to GRCh37/hg19 genome assembly, primary filtering out of low-quality reads and probable artefacts, and subsequent annotation of variants, was applied on raw data files. Variants found in the *NEU1* gene were further evaluated and validated by Sanger sequencing. Probands from all six families were homozygous for the previously reported ([Table 2](#t0010){ref-type="table"}) variant in exon 4 of *NEU1* gene (c.679 G \> A; p.Gly227Arg).

2.3. Validation of NEU1 gene variant by sanger sequencing {#s0025}
---------------------------------------------------------

Genomic DNA samples of the affected proband and the parents from all six families were subjected to PCR amplification for exon 4 of *NEU1* gene using primers sequences designed by primer3 software (<https://www.yeastgenome.org/primer3>) (*NEU1*- Exon 4 - F:5′- TGAGCCCCTAGAGTCTCCTT-3′ and *NEU1*-**Exon5-R:**5′- ATGATGTTCTGGAGGGCAGG -3′). PCR products were checked for quality on agarose and purified using MicroAmp purification plate and sequenced by dideoxynucleotide termination methodology using the BigDye terminator v3.1cycle sequencing kit (Applied Biosystems by Thermo Fisher Scientific, USA) on ABI 3500 Genetic Analyzer (Applied Biosystems by Thermo Fisher Scientific, USA). Chromatograms obtained after sequencing were analyzed using the Chromas Pro software ([Technelysium.com.au](http://Technelysium.com.au){#ir0015}) and matched to the wild type *NEU1* gene sequence (Accession No: NM_000434) to check for the presence of the variant.

2.4. Protein structure prediction for the NEU1 variant {#s0030}
------------------------------------------------------

For the variant identified in the NEU1 gene, we used the software HOPE ([bmcbioinformatics.biomedcentral.com](http://bmcbioinformatics.biomedcentral.com){#ir0020}) \[(5\], which is an online web service with user-friendly interphase for submission of sequences and variants. HOPE collects structural information from a series of sources, including calculations on the 3D protein structure, sequence annotations in UniProt, and prediction from the Reprof software.

3. Results {#s0035}
==========

3.1. Clinical features {#s0040}
----------------------

The total number of affected children in this series was seven from six families (male = 6, female = 1). Patient characteristics are presented in [Table 1](#t0005){ref-type="table"}. The antenatal and perinatal periods were uneventful for all the patients. Consanguinity was present in two families (F1, F3), the parents being first cousins. Four of the six families (F1, F2, F3, F6) had more than one affected child of whom molecular confirmation was obtained in only F6 (P6, P7). Intrafamilial variability in the clinical symptoms was observed in family 6. Amongst the two siblings of family 6, the male was more severely affected with severe intellectual disability (ID), contractures, and scoliosis while the affected sister had mild coarse facies, mild ID, and no contractures. The mean age at the recognition of symptoms by parents was year nine months, and the mean age at diagnosis was 6.5 years, indicating a significant delay in the diagnosis. Presenting complaints included developmental delay with coarse facies in 6/7 patients with seizures (P2, P4) and contractures (P4, P6) in two patients each.Table 1Clinical profile of the cohort of patients with sialidosis type II. Abbreviations: DD- development, M: Male, F: female, y: year.Table. 1Family/Patient numberF1/P1F2/P2F3/P3F4/P4F5/P5F6/P6F6/P7Summary statisticsAffected sibling+++−−+Consanguinity+−+−−−−2/7SexMMMMMMFAge at recognition5 M1Y1.6y1.2y1.5y3y6y1.9 yAge at diagnosis4.5Y6y4y11y3y6y8y6.5yPresenting complaintDDDD, seizuresDD, Coarse faciesDD, seizuresDD, Coarse faciesDD, ContracturesDD, coarsenessDevelopmental delay++++++++++++++7/7Ataxia+−−+−−−2/7Seizures−++−−−−2/7Hearing loss++−++−+++−4/7Coarseness+++++++7/7Contractures+++++−−−4/7Short stature+++++++++7/7Scoliosis−+−+−+Mild+5/7Hepatomegaly−+++−+−4/7Splenomegaly−+−+−−−2/7Cherry red spot+++−+++6/7Dysostosis−−+++−+4/7Additional findingsHerniaBull\'s eye maculopathyNephrosialidosis. Single kidney, cerebral atrophy

3.2. Developmental delay {#s0045}
------------------------

Global developmental delay was the most common reason for referral in this cohort. On evaluation, it was present in all seven patients. The cognitive domain was found to be most affected, followed by speech, and fine and gross motor milestones. Patients 4 and 6 were most severely delayed, with an IQ of 44 and 51, respectively. The most well-preserved intellect was present in patient 7. She was homozygous for the common pathogenic variant in this series and came to medical attention due to her affected sibling (P6). The average age of attainment of first meaningful words was 25 months. Motor milestones were less affected with an age of achieving independent ambulation at 19 months --- the motor development co-existent with ataxia in patients 1 and 4.

3.3. Coarse facies {#s0050}
------------------

The human phenotype ontology defines coarse features as the absence of a fine and sharp appearance of brows, nose, lips, mouth, and chin, usually because of rounded and heavy features or thickened skin with or without thickening of subcutaneous and bony tissues. The various lysosomal storage disorders are known to demonstrate coarseness due to the accumulation of the respective substrate in the soft tissues. In our cohort, coarseness was identified in all patients, though to varying degrees ([Fig. 1](#f0005){ref-type="fig"}). The most striking facial dysmorphism was identified in patient 6 with thick eyebrows, hypertelorism, thickened skin of the face, short prominent philtrum, and thick lips.Fig. 1Patients 1, 2, 3, 4 at ages 4.5 years, 6 years, 3 years and 11 years, respectively. Note the presence of hypertelorism, prominent supraorbital ridges, depressed and broad nasal bridge, bushy eyebrows, long prominent philtrum and prognathism (coarse facies) in all the patients. (D) Severe kyphoscoliosis was present in patient 4.Fig. 1

3.4. Ataxia {#s0055}
-----------

Patients 1 and 4 had ataxia. On examination, the cerebellar signs were present, and Rhomberg was negative. MRI brain of both of these patients revealed cerebellar atrophy, with diffuse involvement of the spinal cord in patient 4.

3.5. Organomegaly {#s0060}
-----------------

The accumulation of sialated glycopeptides and oligosaccharides in the liver and the spleen leads to their enlargement. Hepatomegaly was present in patients 2,3,4, and 6. The spleen was enlarged in patients 2 and 4. Splenomegaly in these patients was also accompanied by microcytic, hypochromic anemia, and increased levels of lactate dehydrogenase. The organomegaly caused respiratory discomfort in patient four while sleeping.

3.6. Hearing loss (HL) {#s0065}
----------------------

HL was present in four out of seven patients. Two had mild (patient 1, 2), one moderate (P4), and one severe (P 6). Two patients had conductive, and one patient each had a sensorineural and mixed type of hearing loss.

3.7. Skeletal involvement {#s0070}
-------------------------

Dysostosis multiplex and kyphoscoliosis were the skeletal anomalies identified in this cohort.

Dysostosis was identified in patients 3, 4, 5 and 7 ([Fig. 2](#f0010){ref-type="fig"}). The severe kyphoscoliotic deformity was noted in patient 4 on the MRI study of the spine.Fig. 2Dysostosis multiplex in patient 4 (A,B,C) and patient 3 (D,E).Fig. 2

3.8. Ophthalmological involvement {#s0075}
---------------------------------

Bilateral cherry-red spots were identified in all but patient 4. He had a distinct finding of bull\'s eye maculopathy ([Fig. 3](#f0015){ref-type="fig"}).Fig. 3a) Cherry red spot b) Bull\'s eye maculopathy.Fig. 3

3.9. Genetic testing {#s0080}
--------------------

A missense pathogenic variation in the exon 4 of the *NEU*1 gene (c.679G \> A; p.Gly227Arg) was identified in all the seven patients. All the probands were homozygous and parents were heterozygous for the variant.

3.10. Effect of the mutation on protein structure {#s0085}
-------------------------------------------------

The structure of the wild type and mutant type residues was studied to gauge the mechanism of disease for this \[[@bb0025]\]. The mutant residue arginine is bigger than the wild-type residue, glycine which is also more hydrophobic than the mutant residue. Glycine is the most flexible of all residues. This flexibility might be necessary for protein function. Mutation of glycine can abolish this function. Neither arginine residue nor another residue type with similar properties was observed at this position in other homologous sequences. Based on conservation scores this mutation is probably damaging to the protein. The mutated residue is located in a domain that is important for the activity of the protein and in contact with another domain that is also important for the activity. It is possible that this interaction is essential for the correct function of the protein and the interaction is disturbed by the mutation. There is a difference in charge between the wild-type, neutral residue and the mutant amino acid with a positive charge.

The mutant residue also introduces a charge in a buried residue which can lead to protein folding problems. Arginine is bigger than glycine and probably will not fit. The torsion angles for arginine are unusual. The Only glycine is flexible enough to make these torsion angles, mutation into another residue will force the local backbone into an incorrect conformation and will disturb the local structure.

We analyzed the mutation also in the protein folding prediction software PSIPRED.

which showed a disturbance in the secondary structure of the protein due to the variation ([Fig. 4](#f0020){ref-type="fig"}). The variant is pathogenic according to the modified ACMG criteria \[[@bb0030]\].Fig. 4Schematic structures of the original (left) and the mutant (right) amino acid. The backbone, which is the same for each amino acid, is coloured red. The side chain, unique for each amino acid, is coloured black.Fig. 4

As per the model, there is a disturbance in the secondary structure ([Fig. 5](#f0025){ref-type="fig"}) of the protein (marked in green)It is seen in the figure as the formation of the second strand (yellow bars) starts one amino acid later in comparison to the original strand. Similarly, the next two strands are misfolded as well. Therefore, the introduction of arginine at position 227 instead of glycine, disturbs the secondary structure of the protein.Fig. 5(A) above shows the annotation chart of protein NEU1, while the position of interest, glycine at position 227, is marked in red. As per the chart, this glycine is a part of one of the coils in the secondary structure of the protein. (B)Arginine at position 227 instead of wild type glycine (marked in red) is present.Fig. 5

4. Discussion {#s0090}
=============

We describe the clinical and molecular profile of seven new patients of sialidosis type II, infantile/juvenile type. This a rare disorder with less than twenty patients of type II described worldwide \[[@bb0020]\]. To the best of our knowledge, this is the largest series for the type II disorder. All the seven patients in this cohort have a common geographical origin and the same mutation suggesting that this may be a common mutation in North India. Further, with a novel finding of bull\'s eye maculopathy, we expand the phenotypic spectrum of this rare disorder.

Bonten et al. \[[@bb0010]\] described a genotype-phenotype correlation based on residual protein activity. The mutation, c.679G \> A; p.Gly227Arg, reported in our patients, lies within the important **β** N (second strand of the third sheet) repeat region of the sialidase molecule. This mutation is predicted to produce a severe phenotype. The misfolded mutant protein is retained in the pre-lysosomal compartment with impaired lysosomal targeting and resulting lack of enzyme activity \[[@bb0035]\]. By studying the effect of this variant on the protein it is clear that arginine leads to the formation of a bulky side chain and disrupted protein function of that domain ([Fig. 6](#f0030){ref-type="fig"}).Fig. 6(left) above shows the complete protein for *NEU1* coloured in grey. (right) is a closeup of the region with the mutation. Protein is coloured in grey, the wild type residue is green and the mutant residue, arginine is shown in red with the side chain hanging out. \[[@bb0025]\][.]{.ul}Fig. 6

However, in spite of the severe nature of the mutation, there is extensive phenotypic variability in the current cohort as well as in previous studies ([Table 2](#t0010){ref-type="table"}), consistent with polyphony which is the presence of different phenotypes due to a single mutation \[[@bb0040]\]. The onset of disease ranged from 5 months to 6 years in the current study. One patient had nephrosialidosis while two others had cerebellar involvement. Though all patients were classified as type 2 sialidosis, the severity markedly varied amongst the families as well as affected siblings (patients 6 and 7). This is divergent to the theory of one mutation one phenotype and implies other possible mechanisms, including modifier genes, environmental influences and epigenetic effects. This is supported by Rodríguez et al. \[[@bb0045]\] who described clinical variability in three patients of sialidosis with the same mutation. He suggested that the phenotypic expression of a mammalian enzyme activity often depends on several different genes and not only those coding its amino acid sequence. There is extra space between words in many places please delete this.Table 2Previously reported patients with the same variant as in the present cohort.Table 2Lukong et al \[[@bb0035]\]., 2000Bonten et al. \[[@bb0095]\],2000aciotti et al. \[[@bb0100]\], 2009Canafolia et al. \[[@bb0105]\], 2014Schene et al. \[[@bb0110]\], 2015Mohammaf \[[@bb0115]\] et al. 2018This studyNo. of patients223 siblings2 sisters17OriginCaucasian (1 from Mexico and other from the USA)1 Italian and another GreekItalianItalianNetherlandsEast AsianNorth IndianHomo/HeteroHomoHomoHomoComp HeteroComp HeteroComp HeteroHomoClinical phenotypeType 1 sialidosis /type 2Italian patient had type 2 sialidosis while Greek patient had type 1 sialidosisType 2 sialidosisType 2 sialidosisType 1Type 1 sialidosisAll with type 2

The reported phenotypes of patients with sialidosis type 1 describe overlapping features with those in the current cohort of type II sialidosis including myoclonic seizures, cherry-red spots and coarse facies. This blurs the demarcations into watertight compartments. The later age of onset and rather maintained cognition in patients of sialidosis type 1 is a more consistent differentiating factor.

Missense mutations are the most common mechanism of disease in patients with Sialidosis, though all kinds of variations are reported. Although the variant identified in this study is previously described in other populations ([Table 2](#t0010){ref-type="table"}), we propose that this may be a common mutation in the northern part of India as it was present in all our patients. It is supported by the fact that there have been other founder variants in this gene, implying a tendency of variant clustering at a particular locus. Two variants c.928G \> A and c.808C \> T were found in patients of Dutch and Spanish ancestry, respectively, suggesting a common mutation \[[@bb0010]\] \[[@bb0035]\]. Further, this theory is strengthened by the fact that the other four patients reported from India who carry a different variant are from the southern part of the country \[[@bb0050]\] \[[@bb0055]\].

Ophthalmological manifestations are an important clue to the diagnosis of Sialidosis. Cherry red spot is the most common ocular finding that occurs as a result of storage in the ganglionic cells of the retina at the macula, where these cells are several layers thick. Cataract and nystagmus have also been reported \[[@bb0015]\]. A novel finding of bull\'s eye maculopathy (BEM) was present in patient 4, which has not previously been described. BEM is characterized by the presence of a central red spot surrounded by a ring of atrophic pigment epithelial mottling. This is caused by the destruction of macular rods and cones with sparing of the foveal cones. BEM has been described with many disorders, including inherited rod-cone dystrophies, Leigh\'s disease, cat eye syndrome and as a complication of treatment of mucopolysaccharidosis \[[@bb0065]\] \[[@bb0070]\] \[[@bb0075]\] \[[@bb0080]\]. Retinal pigmentary epithelium migrates into the areas of destructed photoreceptors, causing pigment laden cells to be detected in the outer nuclear and outer plexiform layers. Hydroxychloroquine retinopathy, which is the classical cause of bull\'s eye, is caused by the deposition of unmodified hydroxychloroquine salts within the retinal layers \[[@bb0085]\] \[[@bb0090]\]. We can extend the same theory to the accumulation of sialic acid in the retinal epithelium and subsequent loss of the photoreceptors, thus causing maculopathy. In our patient none of the disorders described to be associated with bull\'s eye maculopathy was present and we thus attribute the finding to the disease pathology.

5. Conclusion {#s0095}
=============

we report seven new patients to form six families with sialidosis type II with a common homozygous pathogenic variant in NEU1 gene. Bull\'s eye maculopathy is a novel feature and expands the ophthalmologic spectrum of sialidosis. Existence of a common mutation in the north Indian population is proposed. This forms the basis for further studies including haplotype analysis and population studies.
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